This pilot study tested the independent and interactive effects of sleep and meal times, under identical sleep duration and feeding conditions, on insulin sensitivity (Si) in overweight adults. Participants underwent a 4-phase randomized crossover inpatient study differing in sleep times: normal (Ns: 0000-0800 hours) or late (Ls: 0330-1130 hours); and in meal times: normal (Nm: 1, 5, 11, and 12.5 hours after awakening) or late (Lm: 4.5, 8.5, 14.5, and 16 hours after awakening). An insulin-modified frequently sampled intravenous glucose tolerance test, at scheduled breakfast time, and a meal tolerance test, at scheduled lunch time, were performed to assess Si after 3 days in each condition. Six participants were enrolled (4 men, 2 women; mean age 25.1 ± [SD] 3.9 years, body mass index 29.2 ± 2.7 kg/m 2 ); only 1 failed to complete her last study phase. There were no effects of sleep and meal times or sleep × meal time interaction on Si (all P N .35), acute insulin response to intravenous glucose (all P N .20), and disposition index (all P N .60) after adjusting for sex and body mass index. Meal tolerance test glucose and insulin areas under the curve were lower during Nm (glucose P = .11; insulin P = .0088). There were a sleep × meal interaction and an effect of meal times on overnight glucose (P = .0040 and .012, respectively) and insulin (P = .0075 and .067, respectively). Sleep timing, without concomitant sleep restriction, does not adversely affect Si and glucose tolerance, but meal times may be relevant for health. Our results should be confirmed in a larger sample.
Introduction
Sleep has recently been highlighted as a behavior that is closely associated with health. Indeed, short sleep duration has been shown to be related to an increased risk of obesity, type 2 diabetes, hypertension, and cardiovascular disease. 1 Other sleep disorders are also linked to such adverse metabolic consequences, namely, obstructive sleep apnea 2 and insomnia. 3 More recently, however, studies have noted that not only is sleep duration important in modulating cardiometabolic risk factors but also the timing of the sleep period may have an impact on health. At the population level, epidemiological studies suggest that individuals who work night shift, and thus sleep during the daytime, have an increased risk of obesity, type 2 diabetes, and cardiovascular disease. 4, 5 Less drastic differences in sleep timing are also associated with increased risk of chronic disorders. For example, Facco et al reported an increased risk of gestational diabetes in women with midpoint of sleep later than 0500 hours compared with women with an earlier sleep midpoint, 6 and social jetlag of N2 hours has been associated with a 2-fold increased risk of metabolic syndrome and type 2 diabetes. 7 Studies have shown that inverting sleep with a 12-hour flip increased 24-hour postprandial glucose and insulin area under the curve (AUC) by 1.6% and 9%, respectively, compared with the usual sleep period during the night (2300-0800 hours). 8 Two-hour postprandial glucose AUC was 12% higher when measured at a test meal in the biological night (2000 hours) compared with morning (0800 hours). However, in that study, total sleep duration was lower when sleep occurred during the day compared with night. To address this limitation, Leproult et al 9 performed a sleep restriction study in
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Abbreviations: AIRg, acute insulin response to glucose; AUC, area under the curve; DI, disposition index; FSIVGTT, frequently sampled intravenous glucose tolerance test; Lm, late meal; Ls, late sleep; MTT, meal tolerance test; Nm, normal meal; Ns, normal sleep; Si, insulin sensitivity.which participants slept either at night (0030-0530 hours) or during the day (0900-1400 hours), introducing an 8.5-hour delay in sleep. An intravenous (IV) glucose tolerance test was performed at 0900 hours after 6 nights of this protocol. Insulin sensitivity (Si) was reduced in both conditions relative to 10-hour baseline sleep, showing a sleep restriction effect on this risk factor. There was no change in the acute insulin response to glucose (AIRg), resulting in a reduction in the disposition index (DI). We are not aware of intervention studies of mild shifts in sleep timing that mimic the real-life situation of the large proportion of Americans suffering from social jetlag or late sleep timing. This is what we aim to achieve in this pilot study.
It is important to note that, in conditions when sleep time is delayed, food intake must also occur later in the day. Mice fed during the light cycle, at a time when they would not be active, have greater body fat than mice fed during the dark cycle 10 and have increased risk of metabolic syndrome. 11 Scheer et al 12 noted that glucose and insulin levels vary across the behavioral cycle independent of the circadian cycle. When meals are consumed later in the day, postprandial glucose AUC is increased relative to an earlier eating occasion. 13 However, this may be due to differences in fasting duration prior to the test meal between conditions. To address the limitations of prior studies, we conducted a randomized, crossover pilot study consisting of 4 phases in which sleep and meal times were fixed and food intake controlled. The main objective of our investigation was to determine the effects of sleep and meal times, independent of sleep duration and energy intake, on Si. We hypothesized that sleeping and eating late in the day would lead to an adverse metabolic profile relative to earlier sleep and meal times.
Materials and methods

Participants
Six men and women, 20-49 years of age with a body mass index between 25 and 34.9 kg/m 2 , were recruited to participate in this study. Recruitment procedures were identical to those previously used in our laboratory 14 and involved 2 weeks of sleep monitoring with actigraphy. Only those with habitual sleep 7-9 hours per night and an intermediate chronotype, based on the Ostberg Morningness-Eveningness questionnaire, were enrolled. Individuals were required to habitually consume a meal within 1 hour of awakening to be eligible. Those with sleep, eating, or other psychological disorders were excluded. The study was approved by the institutional review boards of Columbia University Medical Center and New York University Langone Medical Center and registered on Clinicaltrials. gov (#NCT02347020). All participants provided informed consent prior to enrolling in the study.
Experimental design
Once enrolled, participants were randomly assigned 1 of 24 study phase combinations generated from a randomization schedule. The 4 study phases included either normal or late sleep and normal or late meals (Table 1) , which were separated by a washout period of 3 weeks to ensure that testing was done in the same phase of the menstrual cycle in women. Sleep and meal times for the normal sleep/ normal meals (Ns/Nm) phase were based on data from a convenience sample. 15 Bedtimes for the late sleep (Ls) phases were based on bedtimes for late sleepers from that same study 15 and were delayed by 3.5 hours relative to Ns. However, wake times were later than those of that sample to ensure equal time in bed in each phase. Meal times for the late meal (Lm) phases were delayed by an equal amount of time as the sleep delay (3.5 hours 17 All participants had an apnea-hypopnea index b5 events per hour. The first night recording also included electromyography of the left and right anterior tibialis for screening of periodic limb movements in sleep, and all participants showed a periodic limb movement index b15 events per hour. During the night from day 3 to day 4, blood samples were taken from an IV line via a port through the wall. Sampling started at 2200 hours and continued at hourly intervals until 0300 hours and every 2 hours until the start of the insulin-modified frequently sampled IV glucose tolerance test (FSIVGTT). The FSIVGTT was performed at scheduled breakfast time for each phase, and a meal tolerance test (MTT) was done at the scheduled lunch time, per protocol (Table 1) . Test times were 0900 hours and 1300 hours for the FSIVGTT and MTT, respectively, during Ns/Nm; 1230 hours and 1630 hours during Ns/ Lm and Ls/Nm; and 1600 hours and 2000 hours during Ls/Lm. For the FSIVGTT, 4 basal blood samples were obtained prior to IV dextrose administration over 1 minute (0.03 mg 25% dextrose/kg body weight). Insulin (0.025 U/kg body weight) was injected IV 20 minutes later, and blood samples were collected until 180 minutes from glucose infusion, as previously described. 18 The MINMOD Millennium 2003 program (v. 5.16, Bergman, USC) was used to determine Si, AIRg, and DI (product of Si and AIRg, which reflects β-cell ability to compensate for peripheral insulin resistance; low DI predicts type 2 diabetes in epidemiological studies 19, 20 ). For the MTT, a premeal blood sample was obtained, followed by consumption of a liquid meal (Boost, Nestle Nutritionals, Fremont, MI) providing 30% of the participant's estimated energy requirements. Blood samples were obtained at 15, 30, 45, 60, 90, 120, and 180 minutes postprandially. The Matsuda index derived from the MTT parameters was used as a second measure of Si. 21 Glucose, insulin, and cortisol concentrations were analyzed by oxidase methods and radioimmunoassays (EMD Millipore, Billerica, MA) using standard protocols. 22 Plasma melatonin obtained during the overnight sampling period was analyzed using ELISA (GenWay Biotech, San Diego, CA). Assays were conducted in the Hormone and Metabolite Core Laboratory of the New York Obesity Nutrition Research Center (Columbia University Medical Center, New York, NY).
Statistical analyses
Linear mixed-model analyses were performed with insulin, glucose, Si, AIRg, DI, and cortisol as outcomes. Each of these analyses was done separately for FSIVGTT, MTT, and overnight blood draws. Overnight melatonin and cortisol were analyzed using repeatedmeasures analysis of variance (ANOVA). Sleep and meal times, as well as their interaction, were used as independent variables. Additionally, for MTT and FSIVGTT, blood-draw (clock) time was used as an independent variable by categorizing it as morning (0600-1200 hours), afternoon (1200-1800 hours), evening (1800-2400 hours), and after midnight (2400-0600 hours). Note that only 2 of these levels were present for the MTT, and hence, blood-draw time has 2 categories for the MTT analyses: afternoon and evening. Subject was used as a random effect. Glucose and insulin AUCs were calculated during the MTT. The Matsuda index was calculated using fasting and 30-, 60-, 90-, and 120-minute time points for all participants except 1 for whom the 90-minute sample was not available for 1 phase. Data for all 4 phases were analyzed in the same way. Each participant received 30% of their estimated energy requirements from a liquid meal replacement at the MTT. The glucose content of the meal was thus personalized for each participant based on the quantity consumed at the test meal. This was identical for all phases for each participant.
Repeated-measure ANOVA and regression analysis (mixedmodel) were used for average cortisol concentration (between 2200 and 0700 hours), peak cortisol concentration, and peak time. The independent variables were sleep, meal, and their interaction. Subject was used as random effect. Data from the Matsuda index, melatonin, and average cortisol concentration (2200-0700 hours) were not normally distributed and were transformed using log 2 , after which data passed the normality test. A 1-unit increase in log 2 -transformed variable corresponds to doubling of the original variable.
Total sleep duration, sleep efficiency, sleep onset latency, number of awakenings, and wake after sleep onset, assessed by PSG, were also used as outcomes to perform repeated-measure ANOVA and linear mixed-model regression analysis with subject as random effect. Sleep and meal times, as well as their interaction, were used as independent variables.
Phase order was included in all models and removed, as it was a not a significant factor. Data are presented as means ± SD. A P value b .05 was considered as statistically significant.
Results
Of the 6 participants (4 men, 2 women) who enrolled in this study, 5 completed all 4 phases and 1 woman completed 3 of the 4 phases. Mean age and body mass index of the study participants were 25.1 ± 3.9 years and 29.2 ± 2.7 kg/m 2 , respectively. Two participants self-identified as non-Hispanic Black, 3 as non-Hispanic White, and 1 as Hispanic Black.
Sleep
Total sleep duration, sleep efficiency, sleep onset latency, number of awakenings, and wake after sleep onset, assessed by PSG, were not different between phases (Table 2) . Similarly, sleep and meal times, and their interaction, did not affect sleep stages.
Insulin-modified FSIVGTT
There was no effect of sleep time on AIRg, DI, or Si (all P N .90) ( Table 2 ). The effect of meal time was also not significant: AIRg (P = .20), DI (P = .93), and Si (P = .66). Finally, there was no sleep × meal time interaction on any of the variables (all P N .60).
Glucose and insulin results during the FSIVGTT revealed no main effect of sleep time on glucose (P = .19) or insulin (P = .16) (Fig. 1) . Likewise, there was no effect of meal time on glucose concentrations (P = .90), although there was a trend for an effect on insulin concentrations (P = .072). Late meals tended to be associated with higher insulin concentrations. There were meal × sleep time interactions on glucose (P = .024) and insulin (P = .05).
Meal tolerance test
There was a trend for an effect of sleep time (P = .062) but not meal time (P = .17) or sleep × meal interaction (P = .22) on glucose concentrations during the MTT (Fig. 2 ). There were no effects of sleep and meal times, and sleep × meal time interaction on insulin concentrations (all P N .35). For both glucose and insulin concentrations, tests performed in the evening hours, defined as 1800-2400 hours, resulted in higher values (P b .01).
There was no effect of meal (P = .18), sleep (P = .27), or meal × sleep time interaction (P = .98) on the Matsuda index. Si, determined by the Matsuda index, was 5.67 ± 2.65 for Ns/Nm, 5.00 ± 2.69 for Ns/Lm, 4.72 ± 0.86 for Ls/Nm, and 3.87 ± 1.20 for Ls/Lm.
We calculated the total AUC for glucose and insulin. There was a slight trend for an effect of meal time on glucose AUC (P = .11) but no sleep (P = .74) or sleep × meal interaction (P = .18). The glucose AUCs for Ns/Nm and Ls/Nm were 20,560 ± 1650 and 21,395 ± 1824 mg/dL * 180 minutes, respectively, compared with 22,095 ± 3207 and 22,009 ± 1754 mg/dL * 180 minutes for Ns/Lm and Ls/Lm, respectively. For insulin AUC, the effect of meal was significant (P = .0088), and as for glucose AUC, there was no effect of sleep (P = .42) or sleep × meal interaction (P = . (Table 1) . N = 6 for all phases except Ls/Lm, where n = 5. There was a significant meal × sleep time interaction on both glucose (P = .024) and insulin (P = .050) concentrations. (Table 1) . N = 6 for all phases except Ls/Lm, where n = 5. There was a significant meal × sleep time interaction on both glucose (P = .024) and insulin (P = .050) concentrations.
minutes, respectively, compared with 12,534 ± 6407 and 13,953 ± 7040 μU /dL * 180 minutes for Ns/Lm and Ls/Lm, respectively.
Overnight
Meal time influenced concentrations of glucose (P = .012) and insulin (P = .069) during the overnight hours. There was no effect of sleep time on glucose (P = .54) or insulin (P = .62). However, there was a sleep × meal interaction on glucose (P = .0046) and insulin (P = .0092) concentrations. The combination of Ns and Nm led to lower glucose and insulin concentrations, whereas Nm effected higher concentrations.
Cortisol
Average cortisol concentrations between 2200 and 0700 hours tended to be affected by meal time (P = .10) but not sleep time (P = .76), and there was no sleep × meal interaction (P = .96). Peak cortisol concentrations were not affected by meal (P = .23) or sleep times (P = .49) or their interaction (P = .29). However, the timing of the peak cortisol concentration shifted with sleep time, with earlier peak times when sleep timing was normal relative to late (effect of sleep time, P = .048). This timing of peak cortisol was not affected by meal time (P = .86) (Fig. 3) .
Melatonin
Melatonin concentrations from the overnight sampling period showed a significant effect of sleep time (P = .003) but not meal time (P = .53), and there was no sleep × meal interaction (P = .42). The main effect of sleep time was due to a delay in the onset of melatonin secretion during the late vs normal sleep condition (Fig. 4) .
Raw differences between normal and late sleep and between normal and late meal, for each outcome, are provided in Online Supporting Material. In this same document, we have also reported the corresponding effect sizes (the raw difference in the unit of standard deviation) for each outcome.
Discussion
This preliminary investigation is the first to assess the independent and additive effects of sleep and meal time, without alterations in sleep duration and quality and quantity and quality of food intake, on insulin sensitivity in adults. In this small group of overweight young men and women, altering sleep and meal times to later in the day did not have an adverse effect on insulin sensitivity assessed either by Si derived from the FSIVGTT or by the Matsuda index. Glucose tolerance, in response to a liquid meal (MTT), was also unaffected by the timing of sleep and meals despite a trend for lower glucose concentrations with Ns and lower glucose (trend) and insulin AUC with Nm. Not surprisingly, meal times influenced overnight concentrations of glucose and insulin, and there was an interaction between sleep and meal times such that glucose and insulin concentrations were lowest during the Ns/Nm condition and highest in the Ls/Nm condition. Ns/Lm and Ls/Lm conditions yielded intermediate values.
Results of the MTT revealed no independent influence of sleep and meal times on glucose and insulin other than the well-known effect of circadian time on these concentrations. Indeed, when the test meal was provided later in the day, irrespective of sleep and meal times, glucose and insulin concentrations were higher than when the test was administered earlier in the day. This was also observed by Bandin et al 13 in normal-weight women when glucose tolerance at an early meal (1300 hours) and late meal (1630 hours) were compared. Our results show that this seems to be a reflection of the circadian rhythms of glucose and insulin rather than the result of the shift in meal schedule. Sleep schedule also did not affect glucose and insulin concentrations in response to the MTT. This can be compared directly from Ns/Nm and Ls/Nm phases in which the MTT was conducted at the same clock time. Glucose and insulin concentrations did not differ despite the 3.5-hour delay in sleep timing between these 2 phases.
As expected, cortisol levels were lowest during nighttime and rose early morning to reach a peak shortly after awakening. 12, 23 The peak was delayed during Ls relative to Ns but was not different in magnitude from Ns phases. Similar results were observed by Rehman et al when sleep was shifted by 8 hours from nighttime to daytime. 24 In that study, 24-hour rhythm of cortisol was similar between sleep conditions. In the present investigation, shifting meal times had little influence on cortisol levels. Bandin et al 13 also found no difference in nighttime cortisol when lunch was consumed early vs late but did find some differences in morning and afternoon values, with lower values being observed when the meal was consumed later. Our measurements did not extend beyond 0700 hours for the Ns/Nm phase, and we could not compare daytime and afternoon levels due to the FSIVGTT and MTT. In our protocol, overnight secretion of melatonin was affected by sleep timing, with lower levels and a delay observed in Ls relative to Ns. This is expected to occur as a result of the longer duration of room light exposure during the night preceding bedtime during the Ls vs Ns condition. Exposure to regular indoor room lighting in the hours preceding bedtime suppresses melatonin secretion and delays the timing of its nocturnal secretion onset. 25 phase delay in the nocturnal onset of melatonin when controlling for light by maintaining participants in dim (b10 lux) light levels.
26
These observations may have clinical relevance because lower nighttime (0300 hours) melatonin levels were seen in women with metabolic syndrome vs controls. 27 Future studies should make efforts to control for ambient light and posture when determining the effects of altered sleep and meal timing on melatonin secretion patterns. We had expected worse Si and glucose intolerance as a result of Ls and Lm. Studies have shown that later midpoint of sleep is associated with poor glycemic control in patients with type 2 diabetes. 28 However, previous research in this field has been observational, and participants self-report their sleep and meal times. Such self-reports demonstrate that later midpoint of sleep and higher proportion of energy consumed at dinner are related to poorer glycemic control. Interestingly, in that study, late chronotypes had a midpoint of sleep that was 4 hours later than early chronotypes, similar to the difference in sleep timing produced in the current study. However, in our study, meal and sleep times did not influence Si, but later test times for the MTT led to higher glucose and insulin concentrations. It is important to note that the quality of food intake was not taken into consideration in the study by Reutrakul et al. 28 In our intervention, sleep duration and food intake were identical in all conditions. It is possible that the impact of sleep and meal timing on glycemic control is contingent on the association of short duration, poor quality sleep, and low quality of nutritional intakes. Indeed, individuals with a later chronotype have been shown to consume more fast foods and sugar-sweetened beverages and fewer fruits and vegetables than those with earlier bed and rise times. 15, 29, 30 Rehman et al 24 also suggested that changes in glucose and insulin concentrations throughout the day are likely more related to differences in the timing of food intake between conditions than the result of changes in sleep timing. A major strength of the current study was the controlled sleep and meal schedule that ensured identical sleep duration and energy intakes between phases. The 4 phases also allowed for normal and late conditions for both sleep and meal times to disentangle the effects of those conditions on Si and glucose tolerance. Prior studies that assessed shifts in sleep timing invariably had corresponding shifts in meal times. One could, therefore, not readily determine whether changes in outcome variables were the result of the shift in sleep or meal times. The inclusion of Ns/Lm and Ls/Nm phases in the present study allowed us to examine the effects of shifts in sleep time with meals provided at identical clock times. Moreover, fasting duration from the last meal of the day to the first meal of the following day was identical in all 4 phases.
We acknowledge that our conclusions are limited by the small sample size, and thus, our power to detect differences between phases in the MTT was quite low (b30% for all variables). However, power was higher for the FSIVGTT-derived variables, where power for AIRg, DI, and Si was 51%, 24%, and 99%, respectively. However, the exemplary completion rate (~96% of phases completed) and within-subject design of the study provide some robustness to our findings. Also, we did not assess changes in endogenous circadian rhythms resulting from shifts in sleep schedule under controlled, unmasked conditions. Such determination would require a constant routine protocol which limits participant mobility (posture), food intake, and light exposure. However, this was not our intent. Our goal for this study was to mimic the real-life circumstances of individuals who voluntarily delay their sleep and meal times, as much as is reasonably feasible within the confines of an inpatient setting.
Finally, the results of this study show that, in the context of identical sleep duration and food intake, glucose tolerance is reduced at meals consumed later in the day but suggest that the timing of sleep has minimal influence. Shifting the sleep episode by 3.5 hours, without concomitant changes in its duration and quality (sleep efficiency and stages) or in quality and quantity of food intake, does not affect insulin sensitivity or glucose tolerance. However, peak cortisol concentration occurs at later time when sleep is delayed. This, and repeatedly eating late in the day, may have adverse consequences for diabetes risk, but this should be evaluated under longer interventions. Additional studies with larger sample size are needed to confirm these preliminary findings.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.sleh.2017.10.005.
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